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Effect of processing parameters on copper powder produced by novel 
hybrid atomisation technique 
In the present work, a novel design of centrifugal atomiser for producing pure 
copper powder was studied. The novel complementary hybrid system provides an 
external stream of gas to increase the cooling rate of the atomised particles. 
Effects of the operating parameters, such as disc rotating speed and gas flowrate 
on the morphology, particle size distribution, cooling rate and microstructure, 
were analysed. It was evidenced from the experimental results that the median 
particle size in the novel atomisation process is mainly controlled by centrifugal 
disintegration. The microstructure of the produced powders was equiaxed and the 
grain size decreased with increasing gas flowrate. The cooling rate experienced 
by centrifugal atomised Cu powders were studied via numerical formulation 
estimated to be 104-106 K/s. The results show that the cooling rate is a strong 
function of particle size and increasing the rotating disc speed also increased the 
cooling rates.  
Keywords: centrifugal atomisation; complementary hybrid system; cooling rate; 
microstructure; metal powder. 
INTRODUCTION 
Centrifugal atomisation of melt has been used for metal powder production for decades 
[1-3]. This process is able to produce spherical particles, with less impurity and narrow 
size distribution at a low production cost in terms of energy consumption [4]. 
Centrifugal atomization is considered a Rapid Solidification Process (RSP) which 
involves high rates of cooling during solidification (104-106 K s-1) [5]. During this 
process, raw materials are melted in an inert gas atmosphere. The liquid metal stream is 
ejected onto a high speed rotating disc which breaks up the liquid into a spray of 
droplets, which solidify in flight to form powder. Depending on the atomisation 
parameters, particles are produced either by direct drop formation, by ligament 
disintegration or by film disintegration from the disc edge [6]. At a low volumetric 
flowrate and low disc speed, direct droplet formation is observed at the edge of the disc. 
With increasing volumetric flowrate and disc speed, ligament disintegration is the main 
mode of flow behaviour. Film disintegration appears at even higher flowrates and disc 
speeds and the surface of the atomising is covered by a continuous film moving from 
the centre to the periphery of the disc. The particle diameter has been predicted using 
the equation [7]: 
                                                           𝑑50 = √
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                                                        (1) 
Where σ is the surface tension (N m-1), ρ is the density (Kg m-3), ω is the angular 
velocity (rad s-1) and R is the atomiser disc radius (m). This equation implies that 
increasing angular speed will result in smaller particle size.  
The present work aims to investigate the influence of operating parameters on 
the new atomisation process. This study reports the effects of the gas flowrate and 
rotational speed on the median particle size, microstructure and cooling rate of pure 
copper powder, produced by the novel hybrid atomisation system. 
BASIC PRINCIPLE 
A new complementary hybrid system has been added to the centrifugal atomisation 
equipment in order to increase the cooling rate of the atomised particles. The high rates 
of cooling could lead to significant modifications on microstructures. The advantage of 
this technique is to be able to design new metal powders of alloys beyond the 
equilibrium. Centrifugal atomization gives coarse mean powder sizes (> 45 µm) that do 
not meet the requirements for various advanced powder metallurgy manufacturing 
technologies [8]. Thus, a new way has been thought to promote a high cooling rate and 
a further breakup of the droplets.  
The hybrid atomisation process described in this study is the improvement of a 
conventional centrifugal atomiser with the addition of an external stream of gas at the 
periphery of the disc. This technique consists of two steps in the following order: the 
disintegration of the molten metal into fine particles through centrifugal atomisation 
followed by rapid solidification of these particles through the hybrid gas system. The 
advantages of this specific design is that the feed material is first spread out by a 
spinning disc due to centrifugal forces, and once atomised, the droplets are rapidly 
cooled by a stream of gas. The combination of both techniques lead to high cooling 
rates that promotes modifications on the material microstructure which results in high 
quality powder with an increasing demand as new technology emerge that can make use 
of their unique characteristics.  Although this process is called “hybrid atomisation 
system”, it is only to remark the combination of two techniques. The concept behind it 
is different than others hybrid systems documented in the literature [9].  
EXPERIMENT PROCEDURES 
The centrifugal spinning disc unit with the hybrid complementary system is shown in 
figure 1. This equipment contains four parts: The atomisation chamber, the induction 
melting system with crucible, the spinning disc with the hybrid system and the vacuum 
and inert gas system. 
Figure 1. Schematic diagram of the centrifugal atomisation equipment with the hybrid 
complementary system.  
 
Electrolytic copper with purity of 99,9% was used as a starting raw material. The 
Cu was induction melted in a crucible. The melt stream flowed through a nozzle under 
gravity onto the atomisation disc, atomising the melt stream.  
The main processing parameters for this study were the disc speed of 
atomisation and the gas flowrate from the hybrid system. A set of test runs were carried 
out with the variation ranges of the main parameters as shown in table (1). 1 Kg of Cu 
was melted for each experiment. In any group of experiments, only one parameter was 
varied with the others being fixed.  
Table 1 Processing experimental parameters of atomisation 
 
After each atomisation, each of the as produced powders was sieved and 
weighed. However, due to a large concentration of flakes and splats, all particles larger 
than 355 µm were discounted, corresponding to approximately 35% of the atomised 
material. The sampled powder was loaded onto a series of sieves and shaken on a sieve 
shaker for 15 min. The powder weight retained on each sieve was determined. The sieve 
data were plotted on a log-normal plot to evaluate its particle size distribution and 
median particle size. The samples were selected and they were mounted in cold resin 
and metallographically prepared for microstructural examinations. The samples were 
polished and etched using a reagent, with the composition of 100 mL H2O – 100 mL 
C2H5OH – 19 gr Fe(NO3)3. The morphology of the atomized particles was observed by 
using Ultra Plus Field Emission Scanning Electron Microscope (SEM). The 
microstructure and average grain sizes of powders were analysed with a Nikon Epiphot 
200 optical microscope. Due to the lack of a standard test method to determine the 
average grain size in metal powders, the criteria used in this study was to measure the 
mean grain size area in 5 different micrographs for each sample from each atomisation.  
RESULTS AND DISCUSSION 
Particle size distribution  
Figure 2a show the particle size distribution of copper metal powders produced by 
centrifugal atomisation for different hybrid gas flowrates at a constant disc speed of 
25000 rpm. It can readily be seen that the gas flowrate does not affect the particle size 
distribution significantly lacking a clear tendency and having a median particle size 
(dm) from 72µm to 76,9µm with a standard deviation of 1,61-1,67. As opposed to 
figure 2a, figure 2b demonstrates that the particle size distribution of the Cu powder 
tends to be finer with increasing rotational disc speed with a median particle size range 
between 68,1µm -88,3µm and a standard deviation of 1,53-1,75 [7,10,11].  
It is also observed from figure 3 that the median particle size of produced copper 
powder decreases with increasing rotational disc speed, with similar values for 
conventional centrifugal atomisation and hybrid atomisation Thus, the final particle size 
obtained using the hybrid atomisation system is mainly controlled by the centrifugal 
disintegration. The medium particle size of produced copper powder from the present 
study is smaller than that predicted by equation (1). Thus the results imply little slippage 
of melt on the surface of the atomising disc, a consequence of an excellent wetting 
between melt and the graphite disc surface. 
Figure 2. Particle size distribution of copper powder at (a) different hybrid gas flowrate 
and a rotating disc speed 25000 rpm and (b) different rotating speed and gas flowrate 
200 L min-1.  
Figure 3. Effect of rotating disc speed on median particle at different hybrid gas 
flowrates. 
Morphology of Cu powder 
SEM micrographs in figure 4 reveal the morphology of the Cu powder for conventional 
centrifugal atomisation and with the hybrid complementary system. As illustrated in the 
same figure, the morphology of these powders is spherical or nearly spherical. In 
addition, few satellites are found around main particles under both atomisation 
conditions and no hollow particles were detected. 
Figure 4. SEM images of Cu powders by hybrid atomisation at 200 L min-1 (a,b,c) and 
centrifugal atomisation (d,e,f) at 35000 rpm for different particle size: (a,d) 106-75 µm, 
(b,e) 75-45 µm, (c,f) 45-20 µm. 
Grain size as a function of gas flowrate 
The microstructure of atomised particles for both conventional and hybrid atomisation 
was equiaxed and mainly affected by the particle size. The mean grain size area of the 
particles decreased with decreasing particles size. This was due to smaller surface 
area/volume ratios and a higher heat content of the large particles, which resulted in 
lower cooling rate and larger microstructure [12].  
Micrographs from figure 5 show that the particle grain size is highly variable, 
which indicates the complexity of the process even in the same range of particle size. If 
considering spherical grains that nucleate randomly in a given particle, as the grains 
grow, they will eventually impinge on one another determining the variability of the 
grain sizes, even within the same range of grain size. These effects are explained on the 
basis of competing nucleation and growth phenomena during solidification of the 
atomised particles [12]. Within this process is mandatory to add the complexity of the 
particle break up from the melt, particle trajectory and particle velocity. Nonetheless, 
according to the literature and as shown in this study, higher cooling rate will result in a 
decrease in grain size [12]. 
Figure 5. MO images of Cu powders by hybrid atomization: (a-b) 106-75 µm. 
 
According to figure 6, when the gas flowrate increases from 0 to 200 L min-1, 
the mean grain size of the particle decreases, having the same tendency for different 
speeds of atomization. As can be seen from the figures, the effect of gas flowrate is 
stronger at lower disc rotational speeds. At 15000 rpm the average grain size was 
reduced by half for 106 µm particles. This can be explained in terms of disc-particle 
dynamics. At lower speeds, the velocity of the droplet at the edge of the disc is lower, 
accounting for a higher contribution of the hybrid vertical component. However, the gas 
flowrate implemented in this study has no effect on the particle size distribution as 
discussed previously. These results confirm that the grain size has a stronger 
dependence on the cooling rate relative to that of particle size [13].  
A finer microstructure is a consequence of higher cooling rates. Thus, from the 
results the cooling rate is expected to increase with increasing hybridisation gas flowrate 
at a constant disc speed and with increasing disc speed at a constant gas flowrate. 
However, experimentally the effect of disc speed on grain size was not evident.  
Figure 6. Grain size area as a function of gas flowrate at different speeds of atomization: 
(a) 35000 rpm, (b) 25000 rpm and (c) 15000 rpm. 
Cooling rate analysis 
The cooling rate process of the atomised particles were theoretically calculated 
assuming the concept of a single particle which is projected into a gas flow in the same 
direction as the velocity of the particle. The complexities of the system require 
additional assumptions [4] reported below.  
For conventional centrifugal atomization, the initial droplet velocity is assumed 
to be the peripheral tangential velocity of the disc. When using the hybrid 
complementary system, the vertical component velocity is also taken into account. 
Therefore, the total droplet velocity increases and the convection heat transfer 
coefficient is higher.  
According to Yule and Dunkley [4], after the droplet is completely solidified, it 
furthers cools down in the solid state. This process can be evaluated from the sum of 
heat convection (Qc) and heat radiation (Qr) using the following equation: 
                          𝑄𝑎𝑣𝑒 = 𝐴𝑠ℎ(𝑇𝑑 − 𝑇𝐴) + 𝐴𝑠𝜀𝑆𝑇(𝑇𝑑
4 − 𝑇𝐴
4)                                        (2)                                                                                   
Where h is the convection heat transfer coefficient (W.m-2.K-1), As is the total 
surface area of sphere particle (m2), Ɛ is the emissivity (0,52, according to [4]), ST is the 
Stefan-Boltzmann constant (5,67x10-8 W.m-2.K-4), Td is the temperature of the droplet 
(K) and TA is the ambient temperature of the atomization chamber. 
Fuqian et al. [14] evaluates the convection heat transfer coefficient in terms of 
the relationship between Reynolds Number (Re), the Nusselt number (Nu) and Prandtl 
number (Pr): 
                                       ℎ =
𝐾𝑔
𝑑
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Where Kg is the thermal conductivity of gas (W m
-1 K-1), d the diameter of a 
droplet (m), Vd the relative velocity of the droplet (m s
-1), ρg the density of the gas 
(Kg/m3), Cg the specific heat of the gas (J Kg-1 K-1) and ηg is the dynamic viscosity of 
the gas (Pa.s).  
The energy conservation equation in a droplet is described by Fuqian et al. in 
[14] as follows: 
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Where Vd (m s
-1) is the relative velocity of the droplet, ρd (Kg m
-3) is the droplet 
density and Cpd (J Kg
-1 K-1) is the droplet specific heat.  
For centrifugal atomisation, Qc dominates, so that Qr is ignored in the 
subsequent analysis. Then, Zheng, et al. estimate the cooling rate from the previously 
equation as follows [15]: 






                                                       (5) 
Therefore, substituting typical conditions into equation (4), and assuming a 
maximum gas flowrate of 200 L min-1, theoretically the cooling rate is estimated about 
104-105 K s-1 for the equipment described in this work. Applying the same conditions to 
calculate the cooling rate for the conventional centrifugal atomisation process, the 
difference for both methods is in the order of 103 K s-1.  
Interrelationship between the atomisation parameters, such as disc velocity melt 
superheat, disc diameter, gas flowrate, and their influence on the solidification process, 
are complex interactions which are common in centrifugal atomisation process and 
make it difficult to accurately predict the cooling behaviour of particles. As a result, the 
numerical analysis described in this article tends to overestimate the magnitude of the 
cooling rate. First of all, to simplify the analysis, heat radiation is ignored. Second, 
various empirical equations are incorporated in the analysis. Third, the values of the 
physical parameters of the melt, gas and others, are not accurately known. Therefore, 
although an experimental validation of the cooling rate would be necessary, the 
numerical analysis helps to provide information to a reasonable degree.  
 
Effects of processing parameters on cooling rate 
Figure 7 shows the influence of rotational speed on cooling rate with a constant gas 
flowrate of 200 L min-1, for rotational speeds ranging from 15000 rpm to 35000 rpm. It 
was found that the cooling rate is affected by the rotational speed. A higher disc speed 
applies more centrifugal force on the melt and the initial velocity of the particle is 
higher, this resulting in higher values of cooling rate. This finding is consistent to those 
previously reported by other researches [16].  
Figure 7. Influence of disc speed on cooling rate with a constant gas flowrate of 200 L 
min-1. 
 
Figure 8 shows that although the cooling rate increases with increasing disc 
speed, it mainly affected by the mean particle size. The cooling rate increases one order 
of magnitude for particle sizes < 20 µm. This can be explained in terms of energy 
content; as smaller particles have smaller values of convective heat transfer coefficient.  
Figure 8. Influence of disc speed on cooling rate with a constant gas flowrate of 200 L 
min-1 for different particle sizes. 
 
On the contrary, figure 9 shows that at a constant disc speed of 35000 rpm, 
hybrid gas flowrates from 0 to 200 L min-1 have little effect on the cooling rates. When 
gas flowrates increase, the change in cooling rate is not evident for a specific particle 
size, but, as shown previously, it is enough to change the microstructure, which suggest 
that the effect of hybrid gas on cooling rate is not simple. It is also noted from figure 10 
that for the same particle size the curve is flat, which illustrates the weak dependence of 
cooling rate on gas flowrate, but it confirms its strong function of particle size.  
Figure 9. Influence of gas flowrate on cooling rate with a disc speed of 35000 rpm. 
Figure 10. Influence of gas flowrate on cooling rate with a disc speed of 35000 rpm: (a) 
for different gas flowrates, (b) for different particle sizes. 
 
With these experiments, it was found that even a small change in cooling rate 
can affect the final microstructure of the final powder. Thus, theoretically speaking, the 
powder microstructure can be controlled by cooling rate which enhances unique 
microstructures in attempts to produce powder of new alloys which hitherto have not 
been possible.  
CONCLUSION  
A new complementary hybrid system was constructed and applied to produce Cu 
powder. The effects of gas flowrate and rotating disc speed on the particle size 
distribution, microstructure and cooling rate were studied. The following conclusions 
could be drawn from the theoretical calculation and experimental results: 
(1) Particle size distribution does not change with the hybrid complementary system 
but it has a strong relationship with the disc rotational speed. The particle size 
became finer with increasing disc speed.  
(2) The particle grain size tends to decrease with the addition of the hybrid 
complementary system and with increasing the gas flowrates. At lower speeds of 
atomisation, the effect of the hybrid gas flowrate is stronger due to the extra 
velocity component. 
(3) The cooling rate of the atomized particles increased with decreasing particle 
size, and it can reach more than 105 K/s for < 20 µm powders. Based on the 
results and analysis, the cooling rate is strongly dependant on particle size and 
rotational speed and it has a weak dependence on gas flowrate used in this study. 
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Table1 Processing experimental parameters of atomisation 
 Pouring temperature of the melt = 1200ºC, graphite disc 
diameter = 40mm; hybrid gas composition = Nitrogen, chamber 
gas pressure (N2) = 0,7 bar; melt flowrate ~ 75 Kg h-1 
Disc speed (rpm) Gas (N2) flowrate (L min -1) 
15000 0 - 100 - 200 
25000 0 - 100 - 200 
35000 0 - 100 - 200 
 
